The authors report the fabrication of p-n junctions, consisting of n-type SrTiO 3 or BaTiO 3 and p-type Si substrates, by the pulsed-laser deposition technique. The BaTiO 3 / Si junction exhibits excellent rectifying behavior and significantly reduced leakage current at 300 K exceeding breakdown voltage of −25 V with leakage current Ͻ0.5 A, while SrTiO 3 / Si with an interfacial layer shows moderate junction characteristics. It was demonstrated that the BaTiO 3 / Si grown at an optimum growth temperature of 650°C displayed superior performance which is promising for electronic devices. Both junctions show photocurrent at 300 K due to electron injection following the photoexcitation of n-type perovskite. 4-10 A systematic consideration of the required properties of gate dielectric indicates that the key guidelines for selecting an alternative gate dielectric are dielectric constant k, conduction band offset to silicon ⌬E c , interface quality between the gate dielectric and the silicon substrate, film morphology, thermodynamic stability, and reliability.
Presently, there is a considerable effort for the deposition of SrTiO 3 ͑STO͒ dielectric thin films on silicon substrates since STO is an attractive material as a dielectric capacitor in dynamic random access memory 1, 2 as an epitaxial gate oxide to replace SiO 2 for the next generation complementary metal oxide semiconductor 3, 4 and also device technology as the gate dielectric in field effect transistors. [4] [5] [6] [7] [8] [9] [10] A systematic consideration of the required properties of gate dielectric indicates that the key guidelines for selecting an alternative gate dielectric are dielectric constant k, conduction band offset to silicon ⌬E c , interface quality between the gate dielectric and the silicon substrate, film morphology, thermodynamic stability, and reliability. 11 Although the reported conduction band offset value for the STO/Si system is relatively low ͑⌬E c , Ͻ 0.5 eV͒, which would lead to high leakage current, 11 high-quality epitaxy STO films grown on silicon substrate are expected to offer better uniformity, lower leakage current, and higher reliability than polycrystalline ones. On the other hand, choice of the materials can be extended to other members of the perovskite family, such as BaTiO 3 ͑BTO͒ which has much higher dielectric constant, smaller band offset, and ferroelectric properties at room temperature.
The electrical properties of perovskite STO or BTO can be modified from insulator ͑band gap of 3.2 eV͒ to n-type semiconductor by making them oxygen deficient, 12, 13 such as SrTiO 3−x . The oxygen vacancies form positive space charge under high electric fields by detrapping electrons which will make STO or BTO as an n-type semiconductor. These n-type oxides forming junctions on p-type semiconductors may exhibit interesting electric 14 and light-controlled behavior compared to the traditional semiconductor p-n junctions.
In this letter, we report the fabrication of p-n heterojunctions consisting of either an n-type oxygen-deficient STO or BTO and p-type B-doped Si ͑100͒ by the pulsed-laser deposition ͑PLD͒ technique. Superior rectifying properties were recorded in BTO than STO films on Si over a wide temperature region. The BTO junction exhibits excellent rectifying behavior. Both junctions show photocarrier injection effect.
STO and BTO films were deposited in a multitarget UHV-PLD system using a KrF excimer laser ͑wavelength = 248 nm, a laser repetition rate of 3 Hz, and a pulse energy density of 1 -2 J / cm 2 ͒. Single crystalline STO and sintered BTO targets were used. The chamber was evacuated to a base pressure of less than 2 ϫ 10 −8 Torr. STO/Si ͑100͒ films were grown with a substrate temperature ͑T S ͒ of 750°C, while BTO films were grown at T S = 650, 750, and 820°C. A p-type B-doped Si ͑100͒ substrate with resistivity of 12.4 ⍀ cm was used for both STO and BTO film depositions. Initially, a wetting layer of 2 nm thick STO or BTO was deposited atop Si without using any oxygen partial pressure in order to avoid oxidation of Si. A second layer of 18 nm of the perovskite was deposited under an oxygen pressure of 1 mTorr. The present oxide film thickness is ten times less than that of the reported film thickness. 15 The x-ray diffraction ͑XRD͒ of the films was performed on a Rigaku x-ray diffractometer. Surface microstructure of the films was analyzed by atomic force microscopy ͑AFM͒. The temperature dependence of current-voltage ͑I-V͒ characteristics was measured using an HP semiconductor parameter analyzer. Electrical contacts were made from In and Au contact pads. All measurements were done in a metal-oxidesemiconductor ͑capacitor͒ configuration. Figure 1͑a͒ shows the XRD patterns of STO and BTO films grown at 750 and 650°C on Si ͑100͒ over a wide 2 scan range. The lattice mismatch between STO or BTO and Si is about 1.7% and the perovskite is rotated 45°around Si surface normal to ͓001͔ axis, forming a heteroepitaxial film with ͑100͒ and ͑200͒ orientations only as shown in Fig. 1͑a͒ for both STO and BTO films on Si. The epitaxial behavior of the films indicates that the films have very good quality. The surface morphology from AFM studies shows that the films are smooth with surface roughness of about 1.5 nm and shown in Figs. 1͑b͒ and 1͑c͒ for STO and BTO, respectively. The higher surface roughness of the films can be attributed due to the islandlike growth mechanism. Figure 2͑a͒ illustrates the I-V characteristics of the STO/Si junction by tuning the applied voltage over a wide temperature range. The leakage current in STO/Si is as low as 1.3 A when −2 V is applied to the junction at room temperature. However, the leakage current is significantly reduced as the temperature is lowered, and on the contrary, the leakage current is increased as the temperature is increased above the room temperature as expected ͑shown in the inset of Fig. 2͒ . The room temperature behavior of the I-V curve is similar to the reported results. 10, 16 As the conduction band offset between STO and Si is almost zero 17 the leakage current density should be very large if STO is directly in contact with Si. However, a thin interfacial layer with higher band gap must be employed to increase the barrier height in order to reduce the leakage current. The STO/Si films which contain a thin interfacial layer result in the reduction of leakage current down to 1.2 A at a bias of −7 V, as shown in Fig. 2͑b͒ for film b. The interfacial layer in this film is demonstrated in the cross-sectional transmission electron microscopy ͑TEM͒ studies ͑see Fig. 3͒ . About 2 nm thick interfacial layers, which are clearly seen in the crosssectional TEM, is believed to reduce the leakage current. The p-n junctions are very sensitive to the light irradiation, as seen in Fig. 2͑b͒ , and will be discussed below. a wide temperature range, 300-15 K, as shown in Fig. 4͑b͒ . The V D increases as temperature decreases. The leakage current decreases significantly with decreasing temperature. In order to optimize the growth temperature the I-V characteristics of BTO/Si junctions are shown in the inset of Fig. 4͑b͒ for films grown at three T S values. BTO/Si samples grown at T S = 650 and 750°C show excellent ideal p-n junction characteristics. BTO/Si films grown at T S = 650°C showed the least leakage current of 0.3 A at −4 V, while films grown at T S = 750°C demonstrated a slightly higher leakage current of 0.5 A. However, films grown at T S = 820°C showed a phenomenally higher leakage current of 27 A at −4 V and the threshold voltage or diffusion potential V D is about 0.2 V. This elucidates that BTO grown at T S = 650°C certainly displays better performance and consistent with the structural studies 18 on STO/Si. A moderate photocarrier injection effect was observed in both p-n junctions at 300 K as shown in Figs. 2͑b͒ and 4͑b͒ for STO and BTO, respectively. The effect is larger for STO/Si when the junction is irradiated with 80 mW/ cm 2 light intensity at 300 K. This result indicates that electrons generated by photons are injected from n-STO or BTO due to the photoexcitation to the p-Si through the interface at zero bias. The electrons in the valence bands of STO and Si absorb the photons undergoing transition into the conduction bands. This enables the creation of holes in the valence bands and electrons in the conduction bands. The holes in the valence bands of STO will drift into that of Si. Consequently, the electrons in the conduction band of Si will drift into STO due to the built-in electric field, which will separate the nonequilibrium carriers near the interface of the junction. The moment at which the Fermi level in Si is lowered and that of STO is raised, the photovoltage appears. This has been elucidated in a recent report. 15 In conclusion, we have fabricated p-n junctions, consisting of n-type STO and BTO and p-type Si substrates, by the pulsed-laser deposition technique. The BTO/Si junction exhibits excellent rectifying behavior and significantly reduced leakage current with breakdown voltage which is more than −25 V, while STO/Si shows moderate characteristics. It was demonstrated that the BTO/Si grown at an optimum growth temperature of 650°C displayed superior performance. The interfacial layer between STO/Si improved the performance of the junctions. Both junctions show photocarrier injection effect at 300 K due to electron injection following the photoexcitation of n-type perovskite. Our results could be promising for various electronic and optoelectronic applications. This work is supported by the NASA and NSF for Center for Research Excellence in Science and Technology ͑CREST͒ grant and Intel Corp.
